Characteristics of excimer-laser-induced luminescence of the ground surface of synthetic fused silica containing various amounts of OH were investigated. KrF (5.0 eV) and ArF (6.4 eV) lasers with a repetition rate of 20 Hz and energy densities of 44 and 53 mJ/cm 2 , respectively, were used. The luminescence spectra had peaks at 1.9, 3.5, and 2.5-3 eV. Intensity at 1.9 and 3.5 eV decreased with increasing irradiation time. The decrease of the intensity of the 1.9 eV band suggests the destruction of nonbridging oxygen-hole centers (NBOHCs; ≡Si-O·). The change of the luminescence around 2.5-3 eV was rather complex; the luminescence spectra approached a single Gaussian band at 2.7 eV after irradiation with both types of excimer laser for 10 min. In silica containing 90 ppm of OH, the peak intensity of the 2.7 eV band after irradiation for 10 min was stronger than the initial peak intensity at 2.9 eV, whereas the ratio between these peaks in silica containing 1200 ppm of OH was reversed. The origin of this difference is discussed.
Introducuction
Vitreous silica is almost pure SiO 2 and contains an extremely low amount of metallic impurities. This material has high optical transmission in a wide wavelength range from far ultraviolet to near infrared, and high heat resistivity. 1) Due to these properties, this material is widely used in large-scale integration (LSI) manufacturing processes, such as for photomasks, projection lenses in a step-and-repeat projector (a stepper), inner tubes of diffusion furnaces and wafer carrier boats.
For a fine optical component such as a projection lens in a stepper, a material with extremely high homogeneity is required; the refractive index variation should be less than ppm order. Production of an optical material with high homogeneity requires extremely refined technology. Some problems may occur using usual manufacturing methods. For example, in the cutting of a silica glass block using a diamond tool, strain may remain near the cutting surface, thereby inducing birefringence.
2) By heating a silica glass block, the structure and OH content near the surface are changed. 3, 4) Such surface effects are unfavorable to produce a highly homogeneous material. Studies on the structure of the silica glass surface, and the effects of fabrication and heat treatment on the change of the structure will provide useful scientific information on fine optical glass technology.
There are several methods for the characterization of bulk structure in silica glass. The radial distribution function measured by X-ray 5) and neutron diffraction 6) provides the average coordination number and bond angle distribution. The bond angle distribution can also be measured from nuclear magnetic resonance (NMR). 7) Raman spectra provide information concerning planar 3-fold ring and regular puckered 4-fold ring structures. 8) Radiation-induced point defects observed by electron spin resonance (ESR), optical absorption and luminescence also provide some useful insights into the silica glass structure. 9) Unlike with crystals, information obtained by different experimental methods is difficult to use in order to construct a univerdal picture of the silica glass structure. However, accumulation of such data is useful for constructing a universal picture.
Measurement of excimer-laser-induced luminescence of destruction of the ≡Si-O-Si≡ bond accompanied by macroscopic fracture of silica glass. 21) The relative intensity of the 2.7 eV band compared to the 1.9 eV band is higher in the less OH-containing silica. This suggests that the creation of the ODC is related to the brittleness of the silica glass; the lower the OH content, the more brittle the silica glass network.
It is expected that the nature of the excimer-laser-induced luminescence of the silica glass surface also depends on the OH content. In this study, we investigated the OH content dependence of the excimer-laser-induced luminescence of silica glass with a ground surface.
Experimental Procedure

Samples
Three types of commercially available synthetic fused silica, ED-A, ED-C, and ES were used (These sample names are trademarks of Nippon Silica Glass). 22) ED-A and ED-C are soot-remelted silica produced by vapor-phase axial deposition (VAD). 23) ES is a type-III fused silica produced by direct flame hydrolysis of SiCl 4 in a H 2 /O 2 flame. Contents of ≡Si-OH, ≡Si-Cl and other metallic impurities of samples are shown in Table I . ED-A and ES contain 90 and 1200 ppm of the ground surface of silica glass with a surface roughness of ≈5 µm provides useful insight into this structure because the luminescence from bulk silica can be neglected in most cases. The intensity of the excimer-laser-induced luminescence in optically polished samples is at most 5% of that of samples with ground surfaces. Many reported studies are concerned with point defects in bulk silica glass, 9) and much data on excimer-laser-induced luminescence and absorption on bulk silica glasses have been reported. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The nature of the luminescence and absorption strongly depends on the types, production conditions and impurities of the silica glass. One of the authors and his coworkers have studied excimer-laserinduced emission and absorption in bulk silica glasses. [10] [11] [12] [13] Another author studied the fractoluminescence of fused silica. 20, 21) This also provides useful insight into the structure of the silica glass surface. Emission bands at 2.7 and 1.9 eV appeared due to the destruction of the material without photoexcitation; the former is ascribed to oxygen deficient centers (ODCs; ≡Si· · · Si≡) and the latter to nonbridging oxygenhole centers (NBOHCs; ≡Si-O·). The ODC is created by the spectra at 0, 5, 10, 20, 30, and 60 s of Series I. Figure 2 shows the luminescence spectra at 0, 1, 4, 7, 10 min of Series II. The luminescence spectra at 0 and 1 min for each series are not the same. This could be mainly due to the difference in the surface conditions, and partly the error of the irradiation time.
Both ArF-and KrF-laser-induced luminescence spectra consist of peaks at 1.9, 3.5, and 2.5-3 eV. The intensities at 1.9 and 3.5 eV decreased with increasing irradiation time. The change of the luminescence near 2.5-3 eV was rather complicated. The nature of the luminescence in ED-A and ED-C was similar. When the ArF laser was used for irradiation, these samples had a peak at 2.9 eV at the initial stage. The peak intensity increased and the peak position shifted to 2.7 eV with increasing irradiation time. When the KrF laser was used for irradiation, the initial peak position was also at 2.9 eV. As the irradiation time increased, the peak intensity increased and shifted to 2.7 eV in less than 5 s and the intensity then decreased slightly. ES also showed a peak at 2.9 eV at the initial stage. For all samples, the luminescence near 2.5-3 eV approached an emission band at 2.7 eV after 10 min of irradiation with excimer lasers as shown in Fig. 3. 
Discussion
Effect of the bulk emission
In previous papers, one of the authors and his coworkers reported excimer-laser-induced emission from bulk fused silica. [10] [11] [12] In the present samples, excimer-laser-induced emis-OH, respectively, while ED-C contains 1000 ppm of Cl and negligible OH. For comparison, soot-remelted silica containing negligible OH and negligible Cl, ED-B, was used. This material has an absorption band at 5.02 eV called the B 2 α band; 24) emission bands at 4.3 and 2.7 eV are induced by exciting this band. This sample cannot be used for the surface luminescence study because it exhibits bulk luminescence which is too strong to distinguish the surface luminescence.
These samples were cut to a size of 10 × 25 × 2.5 mm 3 and surfaces were finished using a rotary grinder with a #150 diamond whetstone. To evaluate the effect of the bulk luminescence on the measurement of the ground samples, samples with polished surfaces of the same size as the ground samples were also used.
Luminescence measurement
A MPB Technology PSX-100 excimer laser was operated with a pulse width of 5 ns, a repetition rate of 20 Hz, and energy densities of 44 and 53 mJ/cm 2 ·pulse for the KrF and ArF laser, respectively. The excimer laser beam was incident onto the surface of the sample from the direction of 45
• to the normal direction of the surface and emission was observed from the normal direction to the surface exposed to the laser beam. Two series of measurements were performed for each sample; one measured the luminescence spectra every 5 s up to 1 min (Series I), and the other every 1 min up to 10 min (Series II). The reason for the two series of measurements was merely the restriction of our equipment; the luminescence could only be measured with a fixed time interval and only 18 spectra could be memorized at one time. Separate test pieces were used for each series of measurement. Luminescence was measured with the same equipment as that in the case of fractoluminescence. 20) To measure luminescence spectra, an optical multichannel analyzer (Hamamatsu Photonics C4653-011G) attached to the spectrometer (Jasco CT-25C) was set at the back of the silica glass lens and the BK7 filter to cut off the emission of wavelengths less than 300 nm. A sharp-cut filter for excimer lasers was inserted between the sample and the BK-7 filter to avoid the luminescence of BK-7 excited by the excimer laser light scattered from the sample surface. Using this filter, the luminescence of BK-7 was not observed.
The lifetime of the emission band at 2.7 eV was measured after irradiation with the KrF laser for 10 min. The time response of the luminescence intensity after cessation of the irradiation was measured using a photomultiplier and photon counter.
Results
Luminescence spectra at various irradiation times are shown in Figs. 1 and 2 . Figure 1 shows the luminescence sion from the bulk silica is considerably weaker than in those studies, except for ED-B and ED-C. To confirm this, we compared the excimer-laser-induced luminescence of samples with ground and optically polished surfaces. ED-B with polished surfaces exhibits strong emission, as shown in Fig. 4 , which is due to excitation by the strong B 2 α band in ED-B. The other samples with polished surfaces also show luminescence. Emission spectra intensities from these samples decreased with increasing irradiation time. Thus, we compared the luminescence spectra at 0 min as shown in Fig. 5 . The ratios of the peak intensities around 2.7-2.9 eV of polished samples compared to ground samples are shown in Table II . 
Luminescence spectra near 2.5-3 eV
At the initial stage, luminescence spectra have a peak at 2.9 eV. The origin of the 2.9 eV band is unknown. Features of the luminescence spectra near 2.5-3 eV of ES and the other samples are explicitly different. The relative intensity of the peak at 2.9 eV of ES is considerably stronger than that of the other silicas. The main reason why the relative intensity of this peak is stronger than those in the other silicas must be that the intensity of the luminescence around 2.7 eV of ES is weaker than those of the other silicas. The higher the OH content, the weaker the intensity of the 2.7 eV band. One of the authors measured the fractoluminescence of silica glasses containing different amounts of OH. 21) Fractoluminescence spectra consist of two emission bands at 2.7 and 1.9 eV, and the relative intensity of the 2.7 eV band compared to the 1.9 eV band decreased with increasing OH content. The origin of the 2.7 eV band may be the B 2 α band, the absorption band of which is at 5.02 eV, ascribed to an ODC (≡Si· · · Si≡). 9) We will discuss the origin of the 2.7 eV band later in this subsection. A probable reason why the relative time suggests the destruction of the NBOHC by excimer laser irradiation. A probable mechanism is given as
but we have no evidence of the above mechanism. This might be confirmed by ESR.
Luminescence near 3.5 eV
The peak positions of the luminescence near 3.5 eV induced by ArF and KrF excimer lasers are slightly different; the peak position of the ArF-laser-induced luminescence is 3.6 eV and that of the KrF-laser-induced luminescence is 3.4 eV. The relative intensity of other peaks is different from specimen to specimen. In particular, the luminescence spectra of ED-A irradiated with KrF laser at 0 min of Series I and II are markedly different. The origin of the emission band near 3.5 eV could be impurities or contamination on the silica surface because the nature of this luminescence is different from specimen to specimen under the same irradiation conditions, as pointed out in §4.2. 
Difference in luminescence spectra between the two series of measurements
Relative intensities of peaks in the same kind of samples were different between the two series of measurements; in Series I, luminescence spectra were measured every 5 s up to 1 min, and in Series II, luminescence spectra were measured every 1 min up to 10 min. Even if the sample species were the same, we used separate test pieces. The slight difference in the surface conditions should affect the nature of the luminescence because the luminescence is extremely sensitive to defect structures and impurities. The samples were cleaned in an ultrasonic cleaner using detergent. However, particles in the grinding oil might remain on the surface as contamination and affect the luminescence. To remove such contamination completely, some amount of the surface must be removed by etching because some of the contaminant could remain in the cracks on the surface. However, such etching changes the surface structure and the nature of the luminescence. 25) Error due to irradiation time might also affect the difference of the spectra because luminescence spectra change drastically in a short irradiation time.
Emission band at 1.9 eV
The 1.9 eV band is caused by NBOHCs (≡Si-O·). 9) This band is also observed in a bulk fused silica synthesized under oxidizing conditions. 10, 12) This luminescence is visible as red light. As seen in Fig. 5 , the 1.9 eV band in the polished samples is negligible. Existence of the 1.9 eV emission band suggests the existence of a considerable amount of NBOHCs on the ground surface of silica glass. A probable mechanism for the creation of NBOHCs on the ground surface of silica glass is given as
which is the same as the creation mechanism of the 1.9 eV fractoluminescence band in silica glass. 20, 21) The decrease of the intensity of the 1.9 eV band with the increase of irradiation Most emission spectra from the polished surfaces are about 5% of those from ground surfaces. The exception is ED-C irradiated with the KrF laser. The ratio of the peak intensities of the polished and ground surfaces is ≈20%. Since the reproducibility of the luminescence measurement is sensitive to the alignment of the sample and the equipment used, the absolute intensity contains ∼20% error. The ground sample of ED-C irradiated with the KrF laser exhibits a relatively strong emission. This is because ED-C has a B 2 α band, as shown in Fig. 6 . The intensity of the B 2 α band in ED-C is different from sample to sample. As mentioned above, the luminescence from the bulk silica can be neglected in the present study, except for ED-B and ED-C irradiated with the KrF laser.
4.1 eV are cut off by a filter. This sample was not used for the study of surface luminescence because the bulk emission was too strong to distinguish the surface luminescence.
The peak position of the 2.7 eV band of the surface luminescence in Fig. 7 and that of the bulk B 2 α band are similar. However, the FWHMs of these spectra are different; that of the former (0.76 eV) is about 2.2 times larger than that of the latter (0.35 eV). There are two possibilities for the cause of this disagreement. One is that these two emission bands are from quite different origins. The other is that they are the same bands but the difference in FWHM is derived from the difference in the disorder of the structure.
To investigate the origin of the 2.7 eV band in the ground surfaces, the time response of the luminescence was measured. The measurement was performed after up to 10 min of irradiation with KrF laser so that the effect of the other emission bands could be neglected. Only the KrF laser was used in this measurement because the photon energy of the KrF laser (5.0 eV) corresponds to the peak energy of the B 2 α band (5.02 eV). The results are shown in Fig. 8 . For comparison, the time response of ED-B with a polished surface is shown in Fig. 9(a) . The lifetime of this curve is 10 ms, which corresponds to the reported value for the B 2 α band. 15, 21, 27) The lines in Fig. 8 indicate the single-exponential decay curve intensity of the 2.7 eV band both in surface-and fractoluminescence becomes weaker with increasing OH content is that the Si-OH groups make the silica glass network softer. 13) In fact, Young's modulus of silica glass is lower in higher OHcontaining material. 26) Creation of the ODC is affected by the brittleness of the silica glass network. The intensity of the ArF-laser-induced 2.7 eV band increases monotonically with increasing irradiation time. When irradiated with the KrF laser, on the other hand, the intensity of the 2.7 eV band increases in the first stage, reaches maximum at ≈1 min, and then decreases with increasing irradiation time. With irradiation by the excimer laser, the ODC changes into the E center (≡Si·) and the planar three-oxygen-coordinated structure ≡Si + as
The luminescence bands at 2.7 and 4.3 eV diminish during this process. 9) In fact, the intensity of the 2.7 eV band in ED-B, containing the B 2 α band, diminished with increasing KrF laser irradiation time. ODCs are induced by irradiation both with the ArF and KrF laser, by the ejection of the oxygen atom:
When the ODCs are irradiated by the KrF laser, part of the ODCs is bleached by the process of eq. (3) because the photon energies of the KrF laser and B 2 α bands are similar. Thus, the KrF-laser-induced 2.7 eV band decreases with sufficiently long irradiation time.
Next, we will investigate the characteristics of the 2.7 eV band on the ground surface. Figure 7 shows the luminescence spectra of ES irradiated with the KrF laser for 10 min, which can be reproduced by a Gaussian curve with a peak at 2.71 eV, and full-width at half maximum (FWHM) of 0.76 eV. For comparison, the KrF-laser-induced bulk luminescence spectrum of ED-B, which contains the B 2 α band, is shown in Fig. 4 . The peak position and FWHM of this emission band are 2.69 and 0.35 eV, respectively. ED-B has no ≡Si-OH and no ≡Si-Cl, but contains the B 2 α band. 13) Emission bands at 4.3 and 2.7 eV are observed with excitation of the B 2 α band. 9) In the present measurement, the 4.3 eV band is beyond our measurement range, because photons of energy higher than However, some SLC exists, as seen in Fig. 9(b) . Such a SLC was not observed in ED-B with polished surfaces, as seen in Fig. 9(a) . Therefore, the SLC is part of the luminescence from the ground surface. Such a SLC could be the origin of the broadness of the 2.7 eV emission band of the ground surface, but the details on the origin of the SLC and the broadness of the 2.7-eV band are still unknown. The existence of a component with the lifetime of about 10 ms suggests the existence of the B 2 α band in the ground surface of the silica glass. It should be natural to assume that ODCs exist in the ground surface of silica glass, because the chemical bonds of the silica glass network have been broken on the surface. In fact, the 2.7 eV band derived from the B 2 α band has been observed when silica glass breaks. 20, 21) Therefore, the 2.7 eV band must be derived from the ODC on the ground surface of silica glass.
Summary and Conclusion
We have studied ArF-and KrF-laser-induced luminescence of the ground surface of silica glasses. The luminescence spectra consist of emission peaks near 1.9, 3.5 and 2.5-3 eV. The intensities of the peaks at 1.9 and 3.5 eV decreased with increasing irradiation time. The decrease of the 1.9 eV band due to the nonbridging oxygen-hole center (NBOHC) sug- 
